Reactive species and perturbation of the redox balance have been implicated in the pathogenesis of many viral diseases, including hepatitis C. Previously, we made a surprising discovery that concentrations of H 2 O 2 that are non-toxic to host cells disrupted hepatitis C virus (HCV) replication complex (RC) ] i elevation was independent of extracellular calcium and derived, at least in part, from the endoplasmic reticulum. Likewise, the suppression of HCV RC by H 2 O 2 was independent of extracellular calcium but required intracellular calcium source. Other agents that elevated [Ca 2+ ] i could also suppress HCV RC, suggesting that calcium elevation might be sufficient to suppress HCV RNA replication. In conclusion, oxidants may modulate HCV RC through calcium. Effects on the infectivity and the morphogenesis of HCV remain to be determined. These findings suggest possible regulatory roles of redox and calcium signaling during viral infections.
Introduction
Reactive oxygen species (ROS) and other reactive species are products of normal cell metabolism [1] . The synthesis of reactive species, however, is heightened during inflammation [2] . The oxidative stress that ensues is believed to help fight off various infections, for example, by inflicting oxidative injury to the invading pathogens. In fact, increased levels of reactive species and decreased levels of antioxidant molecules have now been documented in many viral diseases. However, ROS also affect and participate in signaling [3] [4] [5] and, in this manner, may have other effects on viruses. For example, ROS can negatively regulate hepatitis B virus (HBV) replication in liver cells without affecting the cell metabolism [6] but enhance the replication of human immunodeficiency virus (HIV) by activating nuclear factor kappa B (NFκB) [7] . Likewise, sublethal and biologically relevant concentrations of ROS and, in particular, H 2 O 2 have been found to rapidly suppress hepatitis C virus (HCV) RNA replication in Huh 7 human hepatoma cells in a manner that suggested signaling [8] .
Hepatitis C virus (HCV) is a positive-sensed, single-stranded RNA virus of the Flaviviridae family [9] . HCV replication is mediated by NS5B and other nonstructural proteins that comprise the replication complex (RC). HCV infection is associated with increases in various markers of oxidative stress in patients [10] [11] [12] [13] . In addition to chronic inflammation, iron overload and some of HCV proteins may help increase the oxidative burden [10, [14] [15] [16] [17] [18] [19] [20] [21] .
Increased levels of ROS and nitrogen species are suggested to enhance the pathogenesis of HCV by promoting DNA damage and steatosis [19, 22] . In addition, H 2 O 2 has been found to suppress hepatitis C virus (HCV) RNA replication in cell culture [8] . This suppression was accompanied by a loss of HCV proteins and HCV-replicating activity that co-fractionated with the Golgi membranes. There was no change in host cell viability, overall intracellular redox status, H 2 O 2 and calcium on HCV 4 housekeeping gene expression, ribosomal RNA synthesis, or subcellular distribution of albumin with the peroxide treatment, suggesting that the suppression was rather specific to HCV.
Therefore, in this study, we tested whether ROS rapidly suppressed the activity HCV replication complex through redox signaling, to understand the biological consequence of increased oxidative stress in hepatitis C. 
Materials and Methods

Cell Culture and Electroporation of HCV RNA --Huh7 human hepatoma cells were cultured in
Dulbecco's modified eagle medium (DMEM, Invitrogen, Carlsbad, CA), supplemented with 10 % fetal bovine serum (FBS, Invitrogen), 100 units/ml of penicillin, and 100 µg/ml of streptomycin in 5 % CO 2 incubator. SgPC2 cells are G418-selected, pooled Huh7 cell clones that support the continuous replication of subgenomic HCV replicon of genotype 1b [8, 29] (Genbank accession no. AJ242652) that carries a S1179I adaptive mutation within the NS5A region [30] . SgPC2 cells were maintained in the above medium, supplemented with 0.5 mg/ml of G418 (Invitrogen). G418 was removed at least one day prior to cell treatments.
For transient replication experiments, the hybrid genomic plasmid [8] was linearized with
XbaI and used to synthesize genomic HCV RNA, as previously described [8] . Then, 5 x 10 6
Huh7 cells were rinsed with DMEM, mixed briefly with 10 -20 µg of the subgenomic replicon RNA in 0.4 ml of DMEM, and then electroporated at 220 volts and 975 µF. which showed a significant suppression of HCV RNA replication within 30 min of treatment [8] (also, see Fig. 2 To continue to study the effect of sustained oxidative stress [10] [11] [12] [13] [33], was used. SgPC2 cells were exposed to different concentrations of GO and analyzed for changes in the HCV RNA level. As shown in Figure 3A , GO dose-dependently suppressed HCV replication. Exogenous catalase attenuated the suppression by GO, confirming that the suppression was induced by the extracellularly generated H 2 O 2 ( Figure 3B ). BAPTA-AM was also able to alleviate the suppressive effect of GO on HCV RNA ( Figure 3B ). HCV NS5A
protein showed similar changes with GO, BAPTA, and catalase as the HCV RNA ( Figure 3C ). Consistent with data in Figure 5 , neither the serum depletion nor the absence of extracellular calcium had significant effects on the suppression of HCV replication by H 2 O 2 ( Figure 6 ). When both intracellular and extracellular calcium were depleted by pre-incubating cells with ionomycin, a calcium ionophore, in a calcium-free buffer, however, the suppressive response to H 2 O 2 was significantly alleviated ( Figure 6 ). These data further confirmed that the inhibition of HCV replication by the peroxide required calcium release from an internal store.
As previously discussed, calcium release from the ER can lead to mitochondrial calcium uptake, leading to mitochondrial dysfunction and apoptosis. ] i had similar inhibitory effects on HCV. As H 2 O 2 released calcium from the ER ( Figure 5 ), SgPC2 cells were first treated with TG for 15 min and analyzed for changes in the in vitro replication potential of HCV. As shown in Figure 7A , TG decreased the in vitro HCV RNA replication. Ionomycin elicited similar suppressive effects on HCV replication ( Figure   7A ). Note that these experiments were focused on early events (i.e., within 15 to 30 minutes of treatment), as these agents can be toxic and their long term effects would be difficult to interpret. Figure   7C ) and enhanced the polymerase activity at higher concentrations. Therefore, NS5B did not appear to be the calcium-binding target molecule that rendered HCV RC redox-and calciumsensitive, at least under these conditions.
Discussion
In this report, we show that H 2 O 2 suppresses HCV RC through calcium elevation. ] i or the magnitude of thapsigargin-induced calcium elevation in replicon versus naïve Huh7 cells, suggesting that the calcium pool in the ER remained largely unaffected by the HCV nonstructural proteins. In addition, our data suggest that mitochondrial permeability transition did not occur with the peroxide treatment.
How calcium affects the activity of HCV RC is yet unknown. The decrease in NS5A
protein level ( Figure 3C ) after 24 hrs of GO exposure was most likely a result of decreased HCV replication than the cause, as the protein level did not change at 30 min of H 2 O 2 treatment [8] . In our previous study, the oxidative suppression of HCV replication was not associated with a change in the stability of HCV RNA transcript or decreased amounts of HCV proteins and the RNA template. Instead, the suppression was associated with the disappearance of HCV replicating activity that co-fractionated with the Golgi membranes [8] . , which have been shown to suppress NS5B polymerase activity, we found that calcium did not significantly suppress the polymerase activity, at least in vitro ( Figure 7C ). The enhancement we saw with 100 µM calcium concentration is intriguing but its biological relevance is questioned. Preliminary studies using multiple inhibitor compounds suggested that at least two of the well-characterized calcium-binding proteins, ] i than H 2 O 2 , which was followed by a decline; likewise, TG elicited a transient suppression of HCV replication, followed by a rebound, with prolonged incubation (data not shown).
Therefore, while looking for potential antiviral targets, it will be important to consider the kinetics of [Ca 2+ ] i modulation as well as the kinetics of the observed antiviral response.
In the previous study, NAC, a precursor of cysteine for GSH biosynthesis and a thiol reductant, was able to partially antagonize the oxidative suppression of HCV RNA replication [8] . In the present study, we also showed that decreasing intracellular concentration of GSH, the most abundant intracellular thiol reductant, was sufficient to suppress HCV RNA level and to enhance the suppression of HCV RC by H 2 O 2 (Fig. 4) . The data suggest that endogenous generation of oxidants, either due to normal cell metabolism or triggered by HCV proteins expression [15, 16, [18] [19] [20] [21] , might be sufficient to modulate HCV RC in these cells. Most of all, however, the data indicate that ROS might suppress HCV RC while antioxidants, favor HCV RNA replication by antagonizing the suppressive effects of oxidants. This is the first study to demonstrate a modulation of viral replication machinery, independent of transcription factor modulation or oxidative damage to the virus particles, through redox signaling.
Nevertheless, the subgenomic and genomic replicons employed in this study do not generate virus particles and, therefore, while ROS clearly suppressed the activity of HCV RC in this study, the effects of ROS on the infectivity and morphogenesis of HCV remain to be determined. In this regard, it should be noted that some studies have correlated antioxidant therapy with a decreased viral titer, suggesting potential pro-viral effects of oxidants [59, 60] .
Although these findings are difficult to reconcile, some of the discrepancies may be explained by the effects that some HCV proteins have on the host redox status [15] [16] [17] [18] [19] [20] [21] . It is also possible that antioxidants have other effects, such as on the immune system, which leads to an overall 
